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Introduction:  Exposure  to  microgravity  is  associated  with  increased 
leg  venous  compliance  and  reductions  in  cardiac  output,  baroreflex 
functions,  and  tolerance  to  orthostatism.  However,  the  effects  of  chronic 
exposure  to  high-G  environments  are  unknown.  In  addition,  there  is 
evidence  that  females  have  lower  orthostatic  tolerance  than  males,  al¬ 
though  the  underlying  mechanisms  are  unclear.  Therefore,  we  tested  the 
hypotheses  that  high-G  training  will  enhance  baroreflex  and  orthostatic 
functions  and  that  females  will  demonstrate  similar  adaptations  com¬ 
pared  with  males.  Methods:  Calf  venous  compliance,  baroreflex  func¬ 
tion,  and  orthostatic  performance  were  measured  in  six  men  and  seven 
women  before  and  after  repeated  exposures  on  the  centrifuge  (G-train- 
ingj  for  4  weeks,  3  times/week,  with  gradual  levels  of  G  starting  with 
+3  Gz  without  G-suit  protection  during  week  1  and  advancing  to  +9 
Gz  with  G-suit  protection  by  the  end  of  week  4.  Calf  venous  compliance 
was  measured  by  occlusion  plethysmography  using  impedance  rheo- 
graphic  recordings  of  volume  change.  Baroreflex  function  was  assessed 
from  beat-by-beat  changes  in  heart  rate  (HR)  and  mean  arterial  pressure 
(MAP)  that  were  measured  before,  during,  and  after  a  Valsalva  maneuver 
strain  at  30  mmHg  expiratory  pressure.  The  orthostatic  performance  of 
reflex  responses  was  assessed  from  beat-by-beat  changes  in  HR,  MAP, 
stroke  volume  (SV),  cardiac  output  (Q;  by  impedance  plethysmography), 
and  systemic  peripheral  resistance  during  the  last  10  cardiac  beats  of  a 
4-min  squat  position  and  during  the  initial  1 0  cardiac  beats  in  a  standing 
position.  Resu/fc;  G-training  increased  calf  compliance  in  both  men  and 
women.  SV  and  Q  were  increased  during  the  squat-to-stand  test  in 
the  males,  but  not  in  the  females,  following  G-training  and  provided 
protection  against  the  development  of  acute  hypotension  in  the  men. 
Conclusions:  G-training  caused  adaptations  in  orthostatic  functions  o  p- 
posite  to  those  observed  following  exposure  to  microgravity  environ¬ 
ments.  However,  adaptations  to  G-training  were  limited  in  females,  a 
finding  that  may  provide  a  physiological  basis  for  their  lower  simulated 
combat  tracking  performance  during  simulated  aerial  combat  maneuvers 
compared  with  males. 


FAILURE  TO  EFFECTIVELY  regulate  blood  pressure 
(BP)  and  cerebral  perfusion  during  high-G  aircraft 
maneuvering  could  lead  to  reduced  performance  in  pi¬ 
lots.  Regular  training  at  high  G  enhances  G-performance, 
while  prolonged  layoff  from  exposure  in  high-G  profiles 
(G-layoff)  can  result  in  reduced  G-endurance  (23).  How¬ 
ever,  physiological  mechanisms  associated  with  adapta¬ 
tion  to  chronically  repeated  high-G  exposure  (G-training) 
and  subsequent  G-layoff  have  not  been  identified.  Since 
impaired  BP  regulation  following  exposure  to  conditions 
of  low  gravity  is  associated  with  increased  compliance  of 
the  lower  leg  (7,24),  the  impairment  of  cardiac  baroreflex 
responses  (6,8,10,13),  and  lower  stroke  volume  (3,9),  it  is 
reasonable  to  hypothesize  that  improved  performance 
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with  high-G  training  may  be  associated  with  enhanced 
autonomic  and  cardiovascular  functions.  However,  the 
assumption  that  training  in  combat-oriented  aerial  ma¬ 
neuvers  in  high-performance  aircraft  improves  cardio¬ 
vascular  mechanisms  associated  with  BP  regulation  lacks 
experimental  evidence. 

Although  females  have  been  included  in  the  training 
for  and  command  of  fighter  aircraft,  little  or  no  data  exist 
on  female  adaptation  to  the  high-G  environment.  Recent 
data  reported  from  several  investigations  provide  evi¬ 
dence  that  females  have  lower  tolerances  to  various  or¬ 
thostatic  challenges  than  males  (15,20,25)  and  that  these 
lower  tolerances  are  associated  with  differences  in  BP 
regulation  in  females  (12,26).  A  lower  orthostatic  capac¬ 
ity  could  clearly  compromise  the  performance  of  the  fe¬ 
male  warrior  under  combat  conditions,  especially  in 
high-performance  aircraft.  Based  on  their  lower  or¬ 
thostatic  tolerances,  it  is  reasonable  to  hypothesize  that 
females  may  benefit,  to  the  same  degree  or  higher  than 
males,  from  training  in  high-G  environments. 

In  conjunction  with  the  female  performance  study  de¬ 
scribed  by  Chelette  et  al.  (5),  we  measured  changes  in 
baroreflex  function,  limb  compliance,  and  hemodynamic 
responses  to  an  orthostatic  challenge  before  and  after 
training  at  high-G  acceleration  in  men  and  women.  The 
purpose  of  this  research  was  to  test  the  hypothesis  that 
physiological  functions  associated  with  BP  regulation  are 
enhanced  by  increased  G-exposure  and  are  independent 
of  gender. 

METHODS 

Subjects:  Seven  women  with  a  mean  (±SE)  age  of  27 
±  2  yr,  a  weight  of  58.9  ±  3.1  kg,  and  a  height  of  165  ± 
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3  cm  and  six  men  with  a  mean  age  of  24  ±  1  yr,  a  weight 
of  76.7  ±  4.3  kg,  and  a  height  of  177  ±  4  cm  served  as 
subjects.  Each  subject  received  medical  clearance  and 
gave  their  written  voluntary  consent  to  participate.  Ex¬ 
perimental  procedures  and  protocols  were  approved  by 
the  Human  Utilization  Research  Committee  at  Arm¬ 
strong  Laboratory,  Wright-Patterson  Air  Force  Base. 

Protocol:  Subjects  underwent  a  series  of  tests  for  the 
assessment  of  baroreflex  function,  limb  compliance,  and 
hemodynamic  responses  to  an  orthostatic  challenge  be¬ 
fore  and  after  training  at  high-G  acceleration.  A  detailed 
description  of  the  G-training  is  presented  elsewhere  (1). 
Briefly,  each  subject  underwent  a  total  of  8  d  of  high-G 
exposure  with  peak  acceleration  plateaus  at  4  to  5  G  on 
days  1  through  4,  followed  by  a  gradual  increase  to  peak 
acceleration  plateaus  at  6,  7,  8,  and  9  G  on  days  5,  6,  7, 
and  8,  respectively.  Training  profiles  on  days  4  to  8  in¬ 
volved  four  open-loop  simulated  aerial  combat  maneu¬ 
vers  with  the  subjects  wearing  a  standard  G-suit  on  day 

4  and  a  positive-pressure  breathing  system  (COMBAT 
EDGE)  plus  standard  G-suit  on  days  5  through  8.  These 
training  profiles  were  100  to  135  s  in  duration.  After  the 
8  d  of  indoctrination  training,  subjects  had  been  exposed 
to  over  45  min  of  G-acceleration  greater  than  +2  Gz. 

On  experimental  days,  subjects  reported  to  the  labora¬ 
tory  wearing  a  T-shirt  and  jogging  shorts  in  order  to 
undergo  their  tests  for  cardiovascular  function.  After 
each  subject  was  placed  on  an  8-ft  exam  table  in  a  supine 
position,  band  electrodes  were  placed  on  the  upper  and 
lower  left  calf  and  were  secured  with  Aquasonic  elec¬ 
trode  gel.  This  provided  better  coupling  between  the 
electrode  and  the  subjects'  skin.  A  BP  cuff  was  placed 
on  the  thigh  just  above  the  left  knee.  The  electrodes  then 
were  connected  to  a  Minnesota  Impedance  Cardiograph 
(model  304B;  Minneapolis,  MN).  A  continuous  heart  rate 
(HR)  was  recorded  using  a  modified  five-lead  electrocar¬ 
diogram.  In  addition,  an  Ohmeda  2300  Finapress®  photo- 
plethysmographic  finger  BP  cuff  was  placed  on  the  mid¬ 
dle  finger  of  the  subject's  left  hand.  HR  and  BP  responses 
were  saved  as  digital  data. 

Following  the  initial  instrumentation  procedure,  sub¬ 
jects  performed  Valsalva  maneuvers  at  an  expiratory 
pressure  of  30  mmHg  in  the  supine  posture  to  provide 
an  index  of  baroreflex  function  according  to  a  technique 
previously  described  (22).  Each  trial  included  a  30-s  base¬ 
line  period  that  was  followed  by  a  15-s  strain  period  and 
a  2-min  poststrain  period.  A  small  leak  in  the  system 
prevented  the  subjects  from  maintaining  the  expiratory 
pressure  by  occluding  the  glottis.  Trials  were  separated 
by  2  min  of  rest.  The  average  of  three  trials  was  calcu¬ 
lated  to  represent  the  response  for  each  subject.  Subjects 
were  instructed  to  remain  quiet  and  still  during  both  the 
baseline  and  the  poststrain  collection  periods.  Following 
baseline  collection,  the  subjects  were  asked  to  give  a 
ready  signal  at  the  end  of  a  normal  inspiration.  At  this 
point,  the  subject  began  blowing  into  a  mouthpiece  con¬ 
nected  to  a  calibrated  pressure  transducer  (Propper  Ana¬ 
log  Manometer).  After  15  s  at  30  mmHg  expiratory  pres¬ 
sure,  the  subject  released  pressure  and  breathed  nor¬ 
mally  after  the  mouthpiece  was  removed.  An  aneroid 
gauge  positioned  in  front  of  the  subject  provided  feed¬ 
back  on  the  expiratory  pressure.  Expiratory  pressures 
were  measured  continuously,  and  beat-to-beat  HR  and 


mean  arterial  pressure  were  estimated  with  the  Fina- 
pres®  finger  plethysmographic  device.  Excellent  esti¬ 
mates  of  directly  measured  intra-arterial  pressures  dur¬ 
ing  Valsalva  maneuvers  have  been  demonstrated  with 
this  device  (16). 

Following  the  Valsalva  maneuver  test,  calf  compliance 
was  measured  by  applying  venous  occlusion  with  an 
impedance  plethysmographic  technique  (18).  Subjects  re¬ 
mained  in  the  supine  position,  and  an  occlusion  cuff  was 
placed  around  the  thigh,  just  above  the  knee,  and  was 
inflated  to  60  mmHg  for  120  s.  The  subjects  were  in¬ 
structed  to  remain  as  still  as  possible  during  this  proce¬ 
dure.  Changes  in  impedance,  i.e.,  volume,  were  recorded 
using  a  two-channel  brush  recorder  (Mark  220;  Clevite, 
Cleveland,  OH).  Leg  compliance  was  calculated  by  di¬ 
viding  the  volume  change  at  a  plateau,  i.e.,  the  point  at 
which  venous  pressure  equals  cuff  pressure,  by  the  cuff 
pressure  and  was  expressed  as  milliliters  per  mmHg. 
The  value  for  leg  compliance  was  multiplied  by  100  for 
convenience. 

Following  the  leg  compliance  test,  subjects  were  asked 
to  stand  so  that  they  could  be  instrumented  for  the  squat- 
stand  test.  Four  silver  tape  electrodes,  two  placed  around 
the  neck  and  two  placed  around  the  thorax,  were 
attached  to  a  Minnesota  Impedance  Cardiograph  (Model 
304B)  for  non-invasive  rheographic  determination  of 
beat-to-beat  stroke  volume  (18)  during  the  final  10  s  of 
squat  and  the  initial  10  s  of  standing.  This  instrument 
introduced  a  frequency  of  50  KHz  at  a  low  constant  cur¬ 
rent  (1  mA  R.M.S.)  into  the  thorax  through  the  outside 
electrodes  and  detected  changes  in  electrical  impedance 
of  the  thorax  with  each  pulse  beat  across  the  inner  pairs 
of  receiving  electrodes.  Cardiac  output  was  calculated 
as  the  product  of  HR  and  stroke  volume,  and  systemic 
peripheral  resistance  was  calculated  by  dividing  mean 
arterial  pressure  by  cardiac  output.  Subjects  remained 
instrumented  from  the  previous  test  and  were  asked  to 
place  the  hand  with  the  Finapress®  finger  BP  unit  on  their 
chest  at  heart  level.  Subjects  were  instructed  to  assume  a 
squatting  position  for  4-min.  Impedance  and  BP  data 
were  collected  continuously  throughout  this  test.  The 
subjects  then  were  instructed  to  stand  erect  as  quickly 
as  possible  without  using  their  hands  to  assist  them.  Data 
were  collected  for  30  s  after  standing.  All  physiological 
data  were  stored  on  a  Tandy  4000  microprocessor. 

Measurement  of  baroreflex  responses  to  Valsalva  maneuver: 
Data  from  the  three  trials  were  averaged  in  a  phase-by¬ 
phase  manner  for  baseline,  phase  I,  early  phase  II,  late 
phase  II,  and  phase  IV  (22).  BP  responses  (change  in 
mean  arterial  pressure  [AMAP])  for  each  phase  were 
calculated  as  follows:  for  phase  I,  peak  MAP  during  early 
straining  —  baseline  MAP;  for  early  phase  II,  peak  phase 
I  MAP  -  lowest  midstrain  MAP;  for  late  phase  n,  peak 
late  strain  MAP  —  baseline  MAP;  and  for  phase  IV,  peak 
poststrain  MAP  —  phase  El  MAP.  Changes  in  HR  were 
calculated  using  the  same  phase-by-phase  method  em¬ 
ployed  for  AMAP.  For  phase  I,  AMAP  was  used  in  the 
analyses  as  an  index  of  vascular  volume  (22).  For  late 
phase  II,  AMAP  was  used  in  the  analyses  as  a  marker  for 
sensitivity  of  baroreflex-mediated  control  of  peripheral 
vascular  resistance  (17).  The  AHR/AMAP  ratio  was 
used  in  the  analyses  for  early  phase  n  and  phase  IV 
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because  of  its  usefulness  in  describing  integrated  cardiac 
baroreflex  responsiveness  (17). 

Statistical  analysis:  Analysis  of  covariance  (ANCOVA) 
was  used  to  analyze  the  male  and  female  groups  using 
two  repeated  measures,  pre-G-training  and  post-G-train- 
ing.  This  approach  to  the  analysis  of  experiments  with 
simple  pre-  and  post-G-training  repeated  measures  iden¬ 
tifies  the  differences  in  pre-  and  post-G-training  gain 
scores  between  males  and  females  after  adjusting  for  pre- 
G-training  variation.  As  suggested  by  Laird  (19),  this  sta¬ 
tistical  model  attempts  to  correct  for  changes  in  pre-  and 
post-G-training  measures  that  are  influenced  by  initial 
pretreatment  values  (i.e.,  regression  toward  the  mean). 
The  result  is  a  mean  gain  score  for  each  gender  that  is 
statistically  adjusted  for  the  baseline  level  (pre-G-train¬ 
ing)  of  each  subject.  Confidence  intervals  are  placed 
around  the  adjusted  means  and  were  used  to  evaluate 
differential  changes  from  pre-  to  post-G-training  be¬ 
tween  males  and  females. 

RESULTS 

The  results  for  hemodynamic  responses  to  the  squat- 
stand  test  are  presented  in  Table  I  and  in  Figs.  1  and  2. 
The  change  in  posture  from  squat  to  standing  repro¬ 
duced  an  average  reduction  in  total  peripheral  resistance 
of  8  to  12  pru  (Fig.  1),  which  did  not  differ  between 
males  and  females  before  and  after  G-training  (Table  I). 
Likewise,  the  elevation  in  HR  caused  by  standing  was 
similar  before  and  after  G-training  (Fig.  2)  in  both  males 
and  females  (Table  I).  During  the  move  from  squat  to 
standing,  males  increased  stroke  volume  and  cardiac 
output  after  G-training  compared  with  the  pre-G-train- 
ing  response,  while  these  responses  remained  relatively 
unchanged  from  pre-  to  post-G-training  for  females  (Ta¬ 
ble  I).  The  increased  stroke  volume  and  cardiac  output 
in  males  during  standing  after  G-training  was  associated 
with  10  mmHg  less  reduction  in  MAP  compared  with 
the  females  who  demonstrated  a  similar  hypotension 
both  pre-  and  post-G-training  (Fig.  2).  No  differential 
changes  in  the  AHR/ AMAP  ratio  induced  by  standing 
were  observed  between  males  and  females,  although 
both  groups  demonstrated  a  moderate  increase  in  AHR/ 
AMAP  after  G-training  compared  with  before  G-training 
(Table  I). 

HR  and  BP  responses  to  the  Valsalva  maneuver  are 
presented  in  Table  II,  and  responses  during  early  phase  I 
and  phase  IV  are  presented  in  Fig.  3.  Differences  between 
males  and  females  from  before  and  after  G-training  were 
minimal.  Although  the  confidence  interval  for  the  change 
from  before  to  after  G-training  in  the  AHR/ AMAP  ratio 
during  early  phase  I  and  phase  IV  included  zero  (Table 
II),  8  of  12  male  and  female  subjects  demonstrated  an 
increase  in  their  responses  (Fig.  3). 

Baseline  impedance  of  the  calf  increased  from  23.1  ± 
3.8  to  30.9  ±  4.4  ohms  in  the  females,  but  was  reduced 
from  36.3  ±  4.2  to  30.4  ±  4.0  ohms  in  the  males  (Table 
D-  Calf  compliance  increased  by  146%  in  males  and  by 
90%  in  females  after  G-training  compared  with  before 
G-training  (Table  I  and  Fig.  4). 

DISCUSSION 

A  major  finding  of  this  study  was  the  observation  that 
chronic  exposure  to  high-G  acceleration  was  associated 


with  alterations  in  cardiovascular  function  and  the  mag¬ 
nitude  of  orthostatically  induced  hypotension.  G-train- 
ing  increased  the  stroke  volume  and  cardiac  output  re¬ 
sponses  in  the  men,  caused  by  moving  from  the  squat 
to  the  standing  posture,  and  was  associated  with  their 
ability  to  ameliorate  the  magnitude  of  orthostatic  hypo¬ 
tension.  In  addition,  high-G  training  may  enhance  car¬ 
diac  baroreflex  responsiveness  in  some  individuals,  since 
most  of  our  subjects  demonstrated  increased  HR  re¬ 
sponse  to  a  given  BP  change  (i.e.,  AHR/ AMAP)  during 
early  phase  II  and  phase  IV  of  the  Valsalva  maneuver. 
These  findings  are  directly  opposite  to  the  attenuated 
carotid-cardiac  baroreflex  response  (6,8,10,13)  and  in¬ 
creased  orthostatic  hypotension  associated  with  reduced 
stroke  volume  following  prolonged  exposures  to  space- 
flight  and  ground-based  simulations  of  microgravity 
(3,6).  Therefore,  the  results  of  the  present  investigation 
provide  evidence  to  support  the  hypothesis  that  the  ca¬ 
pacities  of  cardiovascular  functions  to  regulate  BP  in  the 
face  of  orthostatic  challenges  can  be  increased  by  chronic 
repeated  exposure  to  high-G  acceleration. 

Another  important  finding  of  the  present  study  was 
that  women  failed  to  demonstrate  cardiovascular  adapta¬ 
tion  to  high-G  training  compared  with  men.  While  high- 
G  training  increased  stroke  volume  and  cardiac  output 
and  protected  against  orthostatic  hypotension  during  the 
squat-stand  test  in  the  men,  it  failed  to  alter  any  of  these 
cardiovascular  functions  in  women.  This  comparison  of 
the  influence  of  high-G-training  may  be  particularly  im¬ 
portant  in  that  an  absence  of  enhanced  cardiovascular 
functions  observed  in  females  compared  with  males  was 
associated  with  a  lower  tracking  performance  during 
simulated  air-to-air  combat  at' high  G  in  the  women  com¬ 
pared  with  the  men  (5).  Together,  our  data  provide  indi¬ 
rect  evidence  that  the  defense  of  BP  regulation  and  cere¬ 
bral  perfusion  is  associated  with,  and  may  be  an  im¬ 
portant  underlying  mechanism  for,  cognitive  task 
performance  during  high-G  maneuvers.  Perhaps  as  im¬ 
portant  is  the  possible  implication  that  female  pilots  may 
have  less  physiological  potential  for  their  cardiovascular 
functions  to  adapt  during  training  to  support  optimal 
performance  during  aerial  combat. 

In  the  present  study,  we  used  the  beat-to-beat  hemody¬ 
namic  response  during  the  initial  time  interval  (less  than 
10  s)  of  standing  immediately  following  4  min  of  a  squat 
posture  as  an  orthostatic  challenge  designed  to  assess 
cardiovascular  function  before  and  after  G-training.  We 
are  unaware  of  any  previous  documentation  that  de¬ 
scribes  the  use  of  this  test  in  research  or  clinical  applica¬ 
tion.  An  immediate  pronounced  reduction  in  total  pe¬ 
ripheral  resistance  occurred  when  standing,  which  repre¬ 
sents  an  apparent  reactive  hyperemia  induced  by  a 
tourniquet  effect  of  the  squat  position.  Since  the  initial 
response  of  sympathetically  mediated  peripheral  vaso¬ 
constriction  requires  2  to  3  s  to  occur  (11),  with  maximum 
effect  requiring  approximately  10  to  15  s  (4),  hemody¬ 
namic  responses  within  10  s  of  standing  probably  were 
not  influenced  by  baroreflex  functions  during  this  proce¬ 
dure.  As  a  result,  the  squat-stand  protocol  provided  a 
highly  reproducible  cardiovascular  stimulus  (i.e.,  reac¬ 
tive  hyperemia-induced  hypotension)  before  and  after 
G-training  in  both  males  and  females  (Fig.  1).  These  data 
suggest  that  this  orthostatic  protocol  could  provide  an 
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TABLE  I.  MEAN  DIFFERENCES  BETWEEN  PRE-  AND  POST-G  TRAINING 
IN  HEMODYNAMIC  RESPONSES  TO  STANDING 
IN  MALES  (N  =  6)  AND  FEMALES  (N  -  7). 


Post-/Pre-Stand  Test  Differences 

SE 

95%  Cl 

Total  Peripheral  Resistance,  pru 

Males 

-4.0 

2.6 

[—9.9, 1.8] 

Females 

0.5 

2.4 

[-4.9,  5.9] 

Heart  Rate,  bpm 

Males 

-0.3 

2.5 

[-5.84, 5.22] 

Females 

3.0 

23 

[-2.1,  8.1] 

Stroke  Volume,  mL 

Males 

14.0 

5.3 

[2.2, 25.9] 

Females 

-0.5 

4.9 

[-11.5, 10.5] 

Cardiac  Output,  L/min 

Males 

1.3 

0.5 

[0.1,  2.4] 

Females 

0.4 

03 

[-0.7, 1.4] 

Mean  Arterial  Pressure,  mmHg 

Males 

-10.0 

3.9 

[-1.4,  -18.6] 

Females 

-5.5 

3.6 

[2.5,  -13.4] 

AHR/AMAP,  bpm/mmHg 

Males 

0.2 

1.6 

[-0.2,  0.6] 

Females 

0.3 

1.5 

[-0.1,  0.6] 

Baseline  Calf  Impedance,  ohms 

Males 

-2.6 

4.7 

[-13.0,  7.9] 

Females 

6.3 

43 

[-3.2, 15.8] 

Calf  Compliance,  AmL/AmmHg 

Males 

15.0 

4.5 

[4.9,  25.2] 

Females 

73 

4.2 

[-2.0, 16.6] 

Note:  Bolded  confidence  intervals  do  not  include  zero.  Mean  differences  are  adjusted  for  pre-G- training 
differences  (ANCOVA).  SE  =  standard  error  of  the  mean  and  95%  Cl  -  95  percent  confidence  interval. 


excellent  repeatable  diagnostic  or  screening  technique  for 
clinical  application  and  field  operations  in  addition  to  its 
research  potential. 

Reduced  total  peripheral  resistance  when  standing  in 
the  present  study  caused  an  immediate  reduction  in 
MAP,  although  the  males  were  better  able  to  ameliorate 
the  magnitude  of  this  orthostatic  hypotension  after  G- 
training  than  the  females  (Fig.  2).  The  HR  reflex  response 
was  similar  between  both  gender  groups  before  and  after 
training,  but  in  the  presence  of  a  smaller  hypotension 
stimulus  in  the  males  after  G-training.  This  result  sup¬ 
ports  the  notion  that  males  may  have  had  greater  inte¬ 


grated  baroreflex-mediated  cardiac  chronotropic  respon¬ 
siveness  after  G-training  than  females,  although  this  dif¬ 
ference  could  not  be  discerned  statistically. 

Since  central  venous  pressure  and  cardiac  filling  are 
reduced  during  standing  (2),  it  was  somewhat  unex¬ 
pected  that  stroke  volume  was  maintained  or  increased 
during  movement  from  squatting  to  standing  postures 
in  our  subjects.  Although  a  mechanism  was  unclear,  the 
defense  of  stroke  volume  immediately  on  standing  after 
squatting  may  reflect  that  lowered  myocardial  afterload 
(i.e.,  reduced  arterial  BP)  was  similar  or  greater  than  the 
magnitude  of  reduced  preload  during  this  transient  pos- 


--O-  Before  G-Tralnlng 

Females  — +  1  After  G-Trainlng  Males 


Squat  Stand  Squat  Stand 

Posture  Posture 

Fig.  1.  Total  peripheral  resistance  during  squat  and  stand  postures  in  females  (left  panel)  and  males  (right  panel)  before  and  after  G-training. 
Circles  represent  the  mean,  and  bars  represent  +  SEM  values. 
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“-O—  Before  G-Trainlng 

Females  ■  <  ■  After  G-Tr&ining  Males 


Fig.  2.  HR  and  mean  arterial  BP  during  squat  and  stand  postures  in  females  (left  panel)  and  males  (right  panel)  before  and  after  C-training.  Circles 
represent  the  mean,  and  bars  represent  ±  SEM  values. 


ture  change.  The  ability  of  males  to  ameliorate  orthostatic 
hypotension  during  the  post-G-training  squat-stand  test 
resulted  from  their  ability  to  increase  stroke  volume  and 
cardiac  output  compared  with  females.  This  result  sug¬ 
gests  that  G-training  may  have  increased  cardiac  filling 
and/ or  myocardial  contractility  in  male  subjects.  Cardiac 
filling  can  be  influenced  by  increased  blood  volume, 
greater  filling  time,  higher  preload  (central  venous  pres¬ 
sure),  and  lower  afterload.  Although  we  were  unable  to 


measure  blood  volume  directly  in  our  subjects,  the  phase 
I  AMAP  during  the  Valsalva  maneuver  has  been  used 
as  an  index  of  cardiac  filling  pressure  and  changes  in 
blood  volume  (22).  Since  there  was  no  difference  in  the 
phase-I  AMAP  between  males  and  females  between  pre- 
and  post-G-training  (Table  II),  increased  cardiac  filling 
pressure  and  blood  volume  does  not  appear  to  explain 
the  difference  in  stroke  volume  response  to  post-G-train¬ 
ing  standing  between  males  and  females.  The  HR  re- 


TABLE  H.  MEAN  DIFFERENCES  BETWEEN  PRE-  AND  POST-G-TRAINING  FOR  AHR 
AND  AMAP  IN  MALES  (N  =  6)  AND  FEMALES  (N  =  6)  DURING  THE  FOUR  PHASES 
OF  THE  VALSALVA  MANEUVER. 


Valsalva  Maneuver  Phase 

Pre-/Post-G- 
Training  Differences 

SE 

95%  a 

Phase  I  AMAP 

Males 

1.4 

1.8 

[-2.6, 5.4] 

Females 

2.6 

1.8 

[-1.4.  6.61 

Early  Phase  II  AHR/ AMAP 

Males 

0.3 

0.2 

[-0.2,  0.7] 

Females 

02 

02 

[-0.2.  0.61 

Late  Phase  II  AMAP 

Males 

-0.2 

3.9 

[-9.0,  85] 

Females 

-3.3 

3.9 

[-12.0. 551 

Phase  IV  AHR/ AMAP 

Males 

0.4 

02 

[-0.2,  0.9] 

Females 

03 

02 

[-05, 0.8] 

Note:  Mean  differences  are  adjusted  for  pre-G-training  differences  (ANCOVA).  SE  =  standard  error  of 
the  mean  and  95%  Cl  =  95  percent  confidence  interval. 
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Females 


Subject  A 
Subject  B 
Subject  C 
Subject  D 
Subject  E 
Subject  F 


Males 


Fig.  3.  Ratio  of  the  change  in  HR  to  the  change  in  mean  arterial  BP  (AHR/AMAP)  during  early  phase  II  and  phase  IV  of  the  Valsalva  maneuver 
in  females  (left  panel)  and  males  (right  panel)  before  (open  bars)  and  after  (lined  bars)  G-training.  Bars  represent  the  mean,  and  lines  represent  ± 
SEM  values. 


sponse  to  pre-  and  post-G-training  standing  also  was 
similar  between  males  and  females,  suggesting  that  car¬ 
diac  filling  time  could  not  explain  stroke  volume  differ¬ 
ences  between  genders.  Since  myocardial  afterload  was 


Females 


Fig.  4.  Calf  compliance  in  females  (left  panel)  and  males  (right  panel) 
before  (open  bars)  and  after  (lined  bars)  G-training.  Bars  represent  the 
mean,  and  lines  represent  ±  SEM  values. 


greater  in  males  compared  with  females  after  G-training 
(i.e.,  less  hypotension),  afterload  could  not  explain  stroke 
volume  differences  between  genders.  It,  therefore,  ap¬ 
pears  unlikely  that  enhanced  cardiac  filling  could  pro¬ 
vide  a  mechanism  by  which  males  increased  their  stroke 
volume  during  the  initial  10  s  of  standing  after  G-training 
compared  with  females.  It  is,  therefore,  possible  that  in¬ 
creased  stroke  volume  during  post-G-training  standing 
in  males  compared  with  females  may  have  reflected  in¬ 
creased  myocardial  contractility  during  the  orthostatic 
challenge.  The  possibility  that  chronically  repeated  expo¬ 
sure  to  high  G  may  enhance  cardiac  function  is  a  hypoth¬ 
esis  that  warrants  further  investigation. 

High  venous  compliance  of  the  lower  extremities  may 
contribute  to  lower  orthostatic  tolerance  in  some  popula¬ 
tions  since  earlier  onset  of  syncope  has  been  reported  to 
be  associated  with  increased  calf  compliance  (21).  How¬ 
ever,  we  found  no  increase  in  the  development  of  or¬ 
thostatic  hypotension  following  G-training  despite  a  dra¬ 
matic  increase  of  calf  compliance  in  both  men  and 
women  in  the  present  investigation.  Our  observation  of 
increased  calf  compliance  with  high-G  training  was  un¬ 
expected  since  we  hypothesized  that  high-G  acceleration 
would  induce  adaptations  that  would  enhance  cardio¬ 
vascular  function  for  BP  regulation.  The  mechanism  of 
increased  compliance  in  our  subjects  is  unclear.  Increased 
compliance  has  been  observed  following  exposure  to  low 
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gravity  and  was  associated  with  reduction  in  the  muscle 
compartment  (tissue  and  water)  that  surrounds  the  veins 
(7).  However,  the  absence  of  statistically  discemable 
changes  in  baseline  impedance  in  both  males  and  females 
following  G-training  (Table  I)  suggested  that  increased 
venous  compliance  in  the  calf  was  not  associated  with 
loss  of  the  muscle  compartment.  An  alternative  explana¬ 
tion  for  increased  venous  compliance  following  G-train¬ 
ing  is  the  possibility  that  the  veins  and/or  their  valves 
may  have  become  damaged  by  the  repeated  exposure  to 
extremely  high  hydrostatic  pressures  under  acceleration. 
Our  observation  that  increased  calf  compliance  following 
G-training  may  be  the  first  data  to  support  a  hypothesis 
that  chronically  repeated  exposure  to  high-G  acceleration 
may  cause  structural  damage  to  veins  of  the  lower  ex¬ 
tremities  and  may  compromise  venous  return  during  or¬ 
thostatic  challenges. 

As  with  any  investigation,  there  were  limitations  in 
the  experimental  design  of  this  study.  The  statistical 
power  of  this  experiment  was  moderate  to  low  because 
sample  size  was  approximately  one-third  of  that  re¬ 
quired  to  detect  male-female  differences,  i.e.,  adequate 
statistical  power  would  not  be  achieved  until  the  number 
of  males  and  females  reached  approximately  25  per 
group.  Unfortunately,  the  recruitment  of  large  numbers 
of  subjects  was  not  possible  given  the  complexity  and 
duration  of  the  experimental  training  and  the  limitation 
of  research  funding.  Thus,  the  low  statistical  power  in¬ 
flated  the  Type-II  error  rate  of  the  experiment  (i.e.,  it 
increased  the  chance  of  missing  a  gender  effect).  How¬ 
ever,  this  does  not  mean  that  the  results  of  the  present 
investigation  were  not  valid,  but  that  statistical  analyses 
should  not  be  viewed  as  deterministic,  accept/reject 
propositions.  Considering  this  limitation,  we  chose  to 
present  our  results  as  confidence  intervals  that  reflect  a 
range  of  possible  outcomes  and  are  more  informative 
than  accept/reject  conventions  (14).  Since  the  pre-G- 
training  measures  were  taken  prior  to  the  post-G-training 
measures,  there  may  have  been  an  order  effect  in  the 
cardiovascular  alterations  observed  following  G-training 
that  was  not  considered  by  our  experimental  design. 
However,  the  amount  of  change  within  each  group  did 
not  confound  any  comparisons  that  may  be  made  be¬ 
tween  males  and  females  since  both  gender  groups  re¬ 
ceived  the  same  experimental  manipulations. 

Operational  Implications:  Aircrews  of  high-performance 
aircraft  have  reported  that  resumption  of  high  +Gz  flying 
after  extended  time  away  from  +Gz  exposure  (G-layoff) 
is  accompanied  by  a  period  of  reduced  tolerance  or  per¬ 
formance  (4).  Empirical  data  have  been  obtained  from 
recent  experiments  that  corroborate  these  observations 
(23).  The  adaptations  in  cardiovascular  function  follow¬ 
ing  G-training  in  the  present  study  may  provide  a  physi¬ 
ological  basis  for  the  phenomenon  of  G-layoff.  Since  G- 
training  was  associated  with  enhanced  baroreflex  func¬ 
tion,  increased  stroke  volume,  and  less  orthostatic  hypo¬ 
tension,  it  is  possible  that  these  mechanisms  are  attenu¬ 
ated  in  the  extended  absence  of  high-G  exposure.  This 
possibility  underscores  the  importance  of  providing  reg¬ 
ular  physical  training  at  high  G  or  with  procedures  that 
can  replace  the  physiological  stimuli  required  to  main¬ 
tain  the  level  of  cardiovascular  function  associated  with 
normal  high-G  training  activity. 


Since  there  is  compelling  evidence  that  females  have 
lower  orthostatic  tolerance  than  males  (15,20,25),  we  pre¬ 
dicted  that  the  cardiovascular  function  of  the  female  sub¬ 
jects  would  benefit  from  G-training.  Against  expecta¬ 
tions,  the  female  subjects  showed  virtually  no  change 
in  orthostatic  function  after  G-training.  This  result  may 
suggest  that  females  have  an  inherently  limited  capacity 
to  improve  their  orthostatic  performance.  The  inability 
of  the  female  subjects  to  adapt  their  cardiovascular  func¬ 
tions  to  high-G  training  with  associated  lower  combat 
task  performance  scores  compared  with  males  may  pro¬ 
vide  important  insight  for  pilot  selection  and  training. 

Adaptations  in  cardiovascular  function  observed  in 
the  present  study  also  may  provide  a  physiological  basis 
for  cognitive  performance  under  high  G.  If  the  mainte¬ 
nance  of  arterial  BP  is  closely  related  to  cerebral  perfu¬ 
sion  and  consciousness,  it  is  reasonable  to  predict  that 
individuals  with  a  greater  capacity  to  defend  their  BP 
under  high-G  challenges  will  perform  better  in  combat 
conditions.  This  hypothesis  was  supported  by  the  obser¬ 
vation  in  the  present  study  that  improvement  in  the  pro¬ 
tection  of  BP  during  the  squat-stand  test  in  male  subjects 
was  associated  with  higher  performance  scores  during 
combat  tracking  than  in  their  female  counterparts  (5).  A 
significant  finding  of  this  study  was  that  the  cardiovascu¬ 
lar  functions  of  female  subjects  demonstrated  an  inability 
to  adapt  to  high  G  and,  consequently,  that  female  sub¬ 
jects  failed  to  perform  the  cognitive  tasks  of  air-to-air 
combat  as  well  as  male  subjects  following  prolonged 
high-G  training,  despite  females  and  males  having  simi¬ 
lar  G  tolerances  (5).  It  is  possible  that  task  performance 
during  high-G  acceleration  may  be  affected  by  multiple 
mental  and  physical  distractions  associated  with  main¬ 
taining  consciousness.  Therefore,  our  data  strongly  sug¬ 
gest  that  G-tolerance  alone  may  not  provide  an  accurate 
predictor  of  performance  at  high  G  and  that  measure¬ 
ments  of  cardiovascular  function  and  adaptation  may 
enhance  the  sensitivity  required  for  an  optimum  assess¬ 
ment  of  operational  factors  that  influence  combat  perfor¬ 
mance.  Further  experiments  designed  to  systematically 
investigate  physiological  mechanisms  underlying  this  re¬ 
lationship  could  prove  important  in  the  design  of  pilot 
training  for  future  manned  as  well  as  unmanned  aircraft. 
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HIGH  SUSTAINED  +Gz  ACCELERATION: 
PHYSIOLOGICAL  ADAPTATION  TO  HIGH-G  TOLERANCE 


Victor  A.  Convertino 

Physiology  Research  Section ,  Air  Force  Research  Laboratory,  Brooks  Air  Force  Base,  TX  78235 


INTRODUCTION 

Since  the  early  1940s,  a  significant  volume  of  research  has 
been  conducted  in  an  effort  to  describe  the  impact  of  acute 
exposures  to  high-G  acceleration  on  cardiovascular  mecha¬ 
nisms  responsible  to  maintaining  cerebral  perfusion  and  con¬ 
sciousness  in  high  performance  aircraft  pilots  during  aerial 
combat  maneuvers  [1].  The  value  of  understanding  hemody¬ 
namic  characteristics  that  underlie  G-induced  loss  of  con¬ 
sciousness  has  been  instrumental  in  the  evolution  of  optimal 
technology  development  (e.g.,  G-suits,  positive  pressure 
breathing,  COMBAT  EDGE,  etc.)  and  pilot  training  (e.g.,  anti- 
G  straining  maneuvers). 

Although  the  emphasis  of  research  has  been  placed  on  the 
development  of  protection  against  acute  high  +Gz  acceleration 
effects,  recent  observations  suggest  that  adaptation  of  cardio¬ 
vascular  mechanisms  associated  with  blood  pressure  regulation 
may  contribute  to  a  protective  G-training'  effect.  Regular 
training  at  high  G  enhances  G  tolerance  in  humans,  rats, 
guinea  pigs,  and  dogs  [1]  while  prolonged  layoff  from  expo¬ 
sure  in  high  G  profiles  (G-layoff)  can  result  in  reduced  G 
endurance  [10].  It  seems  probable  that  adaptations  in  physio¬ 
logical  functions  following  chronically-repeated  high  G  expo¬ 
sure  (G  training)  or  G-layoff  could  have  significant  impacts  on 
performance  during  sustained  high-G  acceleration  since  pro¬ 
tective  technology  such  as  G-suits  and  anti-G  straining  maneu¬ 
vers  are  applied  consistently  during  these  periods  of  training. 

The  purpose  of  this  paper  is  to  present  a  review  of  new  data 
from  three  experiments  that  support  the  notion  that  repeated 
exposure  on  a  regular  basis  to  high  sustained  +Gz  acceleration 
induces  significant  physiological  adaptations  which  are  asso¬ 
ciated  with  improved  blood  pressure  regulation  and  subsequent 
protection  of  cerebral  perfusion  during  orthostatic  challenges. 

CARDIOVASCULAR  RESPONSES  OF  PILOTS 

In  a  recent  study,  heart  rate  and  arterial  blood  pressure 
responses  during  rapid  (over  a  time  course  of  4  seconds)  75° 
head-up  tilt  were  measured  in  8  fighter  pilots  and  compared  to 
the  responses  in  12  non-pilots  [9].  The  tilt  tests  in  the  pilots 
were  conducted  within  one  to  two  days  after  the  conclusion  of 
a  period  of  high  +Gz  flying  (i.e.,  air-to-air  missions  such  as 
basic  fighter  or  air  combat  maneuvers)  in  F/A-18  Hornet 
fighter  aircraft  or  Macchi  MB326H  advanced  jet  trainer.  The 
non-pilots  required  a  significantly  greater  stimulus  (i.e.,  reduc¬ 
tion  in  systolic  blood  pressure)  to  induce  a  similar  elevation  in 
orthostatic  heart  rate  [Fig.  1].  Although  confined  to  methodo¬ 
logical  limitations,  this  experiment  provides  indirect  evidence 
that  high  performance  aircraft  pilots  demonstrate  higher  arte¬ 
rial  baroreflex  sensitivity  associated  with  their  exposure  to 
high  G  acceleration  compared  to  non-pilots.  Theoretically, 
increased  sensitivity  of  this  mechanism  would  provide  pilots 
greater  compensatory  tachycardia  and  maintenance  of  cardiac 
output  before  mean  arterial  blood  pressure  was  reduced  to  crit¬ 
ically  low  levels. 

EFFECTS  OF  LONGITUDINAL  +Gz  EXPOSURE 


Fig.  1.  Change  in  systolic  blood  pressure  (SBP)  and  heart  rate  (HR) 
during  the  initial  4  seconds  of  75°  head-up  tilt  in  non-pilots  (open 
bars)  and  pilots  (hashed  bars).  Values  are  mean  (bars)  ±  1SE  (lines) 
and  f  indicates  P  <  0.05  versus  pilot  value.  Data  modified  from 
Newman  et  al.  [9]. 


pressure  (MAP)  and  heart  rate  (HR)  responses  were  assessed 
in  each  subject  during  a  squat-to-stand  orthostatic  test  and  Val¬ 
salva  maneuver  before  and  after  G  training.  During  the  initial 
10  sec  on  moving  from  the  squat-to-stand  posture,  hypotension 
was  less  after  compared  with  before  G  training  with  similar 
elevations  in  heart  rate  [Fig.  2].  These  responses  are  virtually 


10-sec  Response  from  Squat  to  Stand 


In  a  more  recent  study  [2],  6  men  underwent  8  consecutive 
days  of  exposure  to  high  +Gz  (G  training)  with  peak  accelera¬ 
tion  plateaus  at  4-5  G  on  days  1  through  4,  followed  by 
gradual  increase  to  peak  acceleration  plateaus  at  6,  7,  8,  and  9 
G  on  days  5,  6,  7,  and  8,  respectively.  Mean  arterial  blood 


Fig.  2.  Heart  rate  and  blood  pressure  responses  during  a  squat-to- 
stand  maneuver  before  (open  circles  and  broken  line)  and  after 
(closed  circles  and  solid  line)  G  training.  Values  are  mean  ±  1SE  and 
t  indicates  P  <  0.05  versus  before  value.  Data  modified  from  Conver¬ 
tino  et  al  [2j. 


009 


□  Before  G-Training 
H  After  G-Trainlng 


Valsalva  Maneuver  Phases 

Fig.  3.  Ratio  of  the  change  in  heart  rate  to  the  change  in  mean  arte¬ 
rial  blood  pressure  (AHR/AMAP)  during  early  phase  II  and  phase  IV 
of  the  Valsalva  maneuver  before  (open  bars)  and  after  (lined  bars) 
G  training.  Bars  represent  mean  and  lines  represent  ±  1SEM.  Data 
from  Convertino  et  al.  [2]. 


identical  to  the  comparisons  between  fighter  pilots  and  non¬ 
pilots  [Fig.  1]  and  suggest  that  G  training  induced  an  increase 
in  baroreflex  sensitivity.  Support  for  increased  arterial  barore- 
flex  responsiveness  was  evident  by  higher  AHR/AMAP 
responses  during  phase  II  and  IV  of  the  Valsalva  maneuver 
[Fig.  3].  The  ability  to  reduce  the  hypotensive  response,  i.e., 
defend  mean  arterial  pressure,  during  orthostatism  following 
G  training  could  be  attributed  to  the  greater  stroke  volume  and 
cardiac  output  in  response  to  the  squat-to-stand  maneuver 
[Fig.  4].  Thus,  the  G-training  study  extended  the  preliminary 
results  of  the  comparison  between  pilots  and  non-pilots  by 
corroborating  increased  integrated  baroreflex  control  of  heart 
rate  through  the  Valsalva  responses  and  identifying  higher 
stroke  volume  and  cardiac  output  as  an  underlying  mechanism 
for  defense  of  mean  arterial  pressure  during  orthostatism. 

CHARACTERISTICS  OF  G-TRAINED  SUBJECTS 

Although  the  studies  on  high  performance  aircraft  pilots  and 
G  training  effects  provided  new  insight  into  physiological 
adaptation  associated  with  repeated  exposure  to  high  sustained 
+Gz  acceleration,  the  limited  measurements  provided  little 
information  about  underlying  mechanisms  of  improved  blood 
pressure  regulation.  Since  mean  arterial  pressure  is  the  product 
of  heart  rate,  stroke  volume  and  peripheral  resistance,  it  is  rea¬ 
sonable  to  hypothesize  that  exposure  to  high-G  training  may 


Fig.  4.  Percent  change  (%A)  In  stroke  volume  and  cardiac  output 
during  during  a  squat-to-stand  maneuver  before  (open  bars)  and 
after  (lined  bars)  G  training.  Values  are  mean  ±  1SE  and  t  indicates 
P  <  0.05  versus  before  value.  Data  modified  from  Convertino  et  al 
[2]- 


be  associated  with  enhanced  functions  of  mechanisms  that 
control  these  cardiovascular  responses.  In  a  recently  com¬ 
pleted  experiment,  functions  of  carotid  and  aortic  baroreflex 
control  of  heart  rate,  cardiopulmonary  baroreflex  control  of 
vascular  resistance,  adrenoreceptor  responsiveness,  indices  of 
baseline  vagal  and  sympathetic  tone,  circulating  blood 
volume,  and  venous  compliance  of  the  lower  extremities  were 
measured  in  men  after  they  underwent  G-training  to  test  the 
hypothesis  that  exposure  to  high  +Gz  acceleration  would  be 
associated  with  enhanced  functions  of  specific  mechanisms  of 
blood  pressure  regulation.  Heart  rate,  stroke  volume,  cardiac 
output,  mean  arterial  blood  pressure,  central  venous  pressure, 
forearm  and  leg  vascular  resistance,  and  changes  in  leg 
volume  were  measured  during  various  protocols  of  lower  body 
negative  pressure  (LBNP),  carotid  stimulation,  and  infusions 
of  adrenoreceptor  agonists  in  10  males  following  a  3-day 
training  exposure  on  a  human  centrifuge  (G-trained)  and  com¬ 
pared  to  the  same  measurements  in  10  males  (controls) 
matched  for  age,  height,  weight,  and  fitness. 

Similar  to  the  previous  studies  [2,9],  arterial  blood  pressure 
was  maintained  at  a  higher  level  during  graded  LBNP  in  the 
G-trained  subjects  compared  to  the  controls  despite  similar 
heart  rate  elevations.  The  lesser  hypotension  during  LBNP  in 
the  G-trained  subjects  was  associated  with  smaller  decrements 
in  stroke  volume  and  cardiac  output,  a  similar  response  as  that 
observed  in  subjects  following  G-training  [2]. 

Mechanisms  of  stroke  volume  control.  Several  mechanisms 
could  contribute  to  the  enhanced  ability  of  G-trained  subjects 
to  maintain  stroke  volume.  Venous  pooling  in  the  lower 
extremities,  which  is  dependent  on  compliance  of  the  veins, 
can  limit  venous  return.  Although  total  leg  volume  of  the  G- 
trained  subjects  (12.5  ±  0.5  liters)  and  the  controls  (12.1  ±0.5 
liters)  was  similar  (P  =  0.49),  an  unexpected  finding  of  this 
study  was  that  calf  compliance  of  the  G-trained  group  (4.8  ± 
0.2  ml/mmHg)  was  significantly  less  (P  =  0.02)  than  that  of 
the  controls  (6.2  ±  0.5  ml/mmHg).  The  lower  calf  compliance 
measured  in  the  G-trained  subjects  was  associated  with  less 
venous  pooling  during  orthostatism  reflected  by  smaller  leg 
volume  increases  during  graded  LBNP  compared  to  the 
control  group  [Fig.  5], 

In  addition  to  less  pooling  of  blood,  venous  return,  cardiac 
filling  and  stroke  volume  could  be  enhanced  with  expanded 
circulating  blood  volume.  Although  plasma  volume  was 
similar  between  the  two  groups,  we  found  that  total  circulating 
blood  volume  in  G-trained  subjects  was  17%  greater  (P  = 
0.09)  than  controls  as  a  result  of  larger  circulating  red  blood 
cell  volume  [Fig.  6].  The  larger  red  blood  cell  volume  was 
reflected  in  a  higher  (P  =  0.05)  hematocrit  in  G-trained  (47  ± 
1)  compared  to  control  subjects  (43  ±  1). 

— • —  Control  Group 


Fig.  5.  Percent  change  (%A)  in  leg  volume  during  graded  LBNP  in 
the  control  (closed  circles  and  solid  lines)  and  G-trained  (closed 
circles  and  solid  lines)  subjects.  Values  are  mean  +  1  SEM  (lines). 
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Fig.  6.  Total  circulating  blood,  plasma  and  red  blood  cell  volumes  in 
control  and  G-trained  subjects.  Values  are  mean  (bars)  ±  1  SEM 
(lines),  t  indicates  P  <  0.09  vs.  control  group  value. 


Mechanisms  of  heart  rate  control.  Another  mechanism  that 
contributes  to  the  orthostatic  regulation  of  arterial  blood  pres¬ 
sure  involves  the  elicitation  of  compensatory  tachycardia  with 
the  stimulation  of  arterial  baroreceptors  in  response  to  hypo¬ 
tension.  Studies  that  have  provided  comparisons  between  high 
performance  aircraft  pilots  and  non-pilots,  and  before  and 
after  G  training  have  indicated  that  repeated  exposure  to  high 
sustained  -i-Gz  acceleration  may  induce  increased  heart  rate 
responsiveness  in  response  to  arterial  baroreceptor  stimula¬ 
tion.  We  applied  graded  pressure  stimuli  to  carotid  barorecep¬ 
tors  and  measured  beat-to-beat  heart  rate  (R-R  intervals)  in  an 
effort  to  directly  assess  the  stimulus-response  relationship  of 
the  carotid-cardiac  baroreflex.  A  prominent  feature  associated 
with  G  training  was  a  shift  of  the  carotid-cardiac  stimulus- 
response  relationship  upward  and  to  the  left,  producing  a 
higher  gain  (greater  maximum  response  slope),  particularly  in 
the  hypotension  region  [Fig.  7].  This  indicates  that  for  a  given 
reduction  in  arterial  pressure,  there  will  be  a  greater  compen¬ 
satory  elevation  in  heart  rate  (decrease  in  R-R  interval)  after 
adaptation  to  G  training.  We  found  that  the  average  carotid- 
cardiac  baroreflex  responsiveness,  i.e.,  maximum  slope  of  the 
stimulus-response  relationship,  was  greater  (P  =  0.02)  in  G- 
trained  subjects  (7.3  ±  1.2  ms/mmHg)  compared  to  that  in  the 
controls  (3.9  ±  0.4  ms/mmHg).  Aortic-cardiac  baroreflex  sen¬ 
sitivity  was  virtually  equal  (P  =  0.97)  in  the  G-trained  (-0.72  ± 
0.20  bpm/mmHg)  and  control  subjects  (-0.71  ±  0.20  bpm/ 
mmHg). 

Adaptation  of  the  carotid-cardiac  baroreflex  may  be  particu- 
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Fig.  7.  Average  carotid-cardiac  baroreflex  stimulus-response  rela¬ 
tionships  in  G-trained  subjects  (open  circles  and  broken  line)  and 
non-trained  controls  (closed  symbols  and  solid  line).  Symbols  are 
means  ±  1SEM  (N  =  10  in  each  group). 


larly  important  because  its  sensitivity  has  been  a  predictor  of 
orthostatic  functions  [3-5,8].  A  particularly  intriguing  finding 
was  based  on  the  fact  that,  of  the  ten  subjects  who  trained  at 
high  +GZ  acceleration,  7  trained  on  a  centrifuge  capable  of 
rapid  onset  rates  (ROR  =  6  G/sec)  of  acceleration  while  the 
remaining  3  subjects  trained  on  a  centrifuge  limited  to  gradual 
onset  rates  (GOR  =  1  G/sec).  Carotid-cardiac  baroreflex  func¬ 
tion  of  the  ROR-trained  subjects  was  dramatically  higher  (8.4 
±  1.5  msec/mmHg)  than  of  the  GOR-trained  subjects  (4.8  ± 
0.6  msec/mmHg).  This  finding  may  reflect  that  adaptation  of 
this  mechanism  may  be  dependent  on  the  rate  of  change  of  its 
physiological  stimulus  as  well  as  its  magnitude. 

Mechanisms  of  peripheral  resistance  control .  The  capacity 
to  increase  total  systemic  peripheral  resistance  represents  an 
important  mechanism  for  buffering  against  the  development  of 
hypotension  during  an  orthostatic  challenge.  We  applied  low 
levels  of  LBNP  (i.e.,  -5  to  -20  mmHg)  in  an  attempt  to  selec¬ 
tively  stimulate  cardiopulmonary  baroreceptors  and  measured 
central  venous  pressure  (CVP)  in  order  to  assess  the  stimulus- 
response  relationship  of  baroreflex  control  of  peripheral 
forearm  vascular  resistance  (FVR).  G  training  was  associated 
with  a  reduced  responsiveness  (maximum  slope)  of  the  AC  VP/ 
AFVR  stimulus-response  relationship  [Fig.  8].  This  relation¬ 
ship  indicates  that  for  a  given  reduction  in  orthostatically- 
induced  CVP,  there  was  less  compensatory  vasoconstriction 
(increase  in  peripheral  vascular  resistance)  associated  with 
adaptation  to  G  training.  We  found  that  average  AFVR/ACVP 
of  the  cardiopulmonary  baroreflex  response  was  54%  less  (P  = 
0.01)  in  the  G-trained  subjects  (-1.4  ±  0.2  pru/mmHg)  com¬ 
pared  to  the  controls  (-2.6  ±  0.3  pru/mmHg). 

A  lesser  response,  i.e.,  slope,  of  the  cardiopulmonary  baro¬ 
reflex  control  of  peripheral  vascular  resistance  has  been  inter¬ 
preted  to  indicate  larger  reserve  for  vasoconstriction  since 
hypovolemia  and  hypervolemia  elicit  greater  and  lesser  vascu¬ 
lar  resistance,  respectively,  for  equal  reductions  in  venous 
pressure  [11].  Vasoactive  reserve  is  defined  as  the  baseline 
vasoconstrictive  state  subtracted  from  the  maximum  vasocon¬ 
strictive  capacity  [6].  This  notion  is  consistent  with  the  obser¬ 
vation  that  G-trained  subjects  in  this  study  had  greater  blood 
volumes  and  demonstrated  less  vasoconstriction  at  similar 
levels  of  LBNP  compared  to  the  controls  [Fig.  8].  These 
responses  have  been  interpreted  to  represent  less  utilization  of 
vasoconstrictive  reserve  such  that  greater  reduction  in  central 
blood  volume  is  required  to  induce  maximal  pressor  response 
[11].  It  is  therefore  reasonable  to  expect  that  individuals 
trained  with  sustained  high  +Gz  acceleration  will  gain  protec¬ 
tion  from  a  hypervolemic  adaptation  that  enhances  cardiac 
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Fig.  8.  Cardiopulmonary  baroreflex  stimulus-response  relationship 
between  forearm  vascular  resistance  and  estimated  central  venous 
pressure  in  control  subjects  (closed  circles  and  solid  lines)  and  G- 
trained  subjects  (open  circles  and  broken  lines).  The  linear  equation 
for  the  mean  control  response  is  y  =  -2.46x  +  57.8  (r2  =  0.933)  and 
for  the  mean  G-trained  response  is  y  =  -1.57x  +  52.3  (r2  =  0.907). 
Symbols  are  means  ±  1SEM  (N  =  10  in  each  group). 
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filling  and  the  capacity  to  increase  systemic  resistance  under 
high-G  conditions. 

The  capacity  to  buffer  reductions  in  arterial  blood  pressure 
by  increasing  vascular  resistance  could  also  reflect  changes  in 
end-organ  responsiveness.  We  found  that  subjects  who  trained 
at  high  +Gz  and  control  subjects  had  similar  vascular  resis¬ 
tance  responses  to  graded  infusions  of  isoproterenol,  suggest¬ 
ing  that  p-adrenoreceptor  responsiveness  (vasodilator  effect) 
was  not  altered  by  G  training.  However,  G-trained  subjects  did 
demonstrate  higher  (P  =  0.04)  elevations  in  peripheral  resis¬ 
tance  to  phenylephrine  infusion.  This  finding  suggests  that  G 
training  may  enhance  the  capacity  for  peripheral  vasoconstric¬ 
tion  through  increased  sensitivity  of  a-adrenoreceptors. 

SUMMARY 

Ludwig  and  Convertino  [8]  have  demonstrated  that  blood 
volume  and  carotid-cardiac  baroreflex  sensitivity  represent 
two  primary  predictors  for  the  capacity  of  the  cardiovascular 
system  to  defend  against  the  onset  of  loss  in  consciousness. 
These  mechanisms  are  separate  and  distinct  [11],  with  blood 
volume  affecting  the  stroke  volume  and  peripheral  resistance 
and  carotid  baroreceptor  sensitivity  affecting  heart  rate.  It  is 
interesting  that  both  of  these  physiological  functions  were  ele¬ 
vated  in  pilots  or  subjects  who  had  undergone  exposure  to 
high  sustained  +Gz  acceleration  compared  to  control  subjects. 

Results  from  the  studies  presented  in  this  review  demon¬ 
strated  that  repeated  exposures  to  high  sustained  +Gz  accelera¬ 
tion  was  associated  with  lesser  orthostatic  hypotension,  lower 
venous  compliance  and  blood  pooling  in  the  legs,  higher 
carotid-cardiac  baroreflex  sensitivity,  lesser  decline  in  stroke 
volume  and  cardiac  output  during  orthostatism,  increased  ai- 
adrenoreceptor  responsiveness,  lesser  vasoconstriction  under 
equal  LBNP,  and  larger  total  blood  and  red  blood  cell  volume. 
The  data  also  indicate  that  these  adaptations  are  rapid,  occur¬ 
ring  with  only  a  few  exposures.  The  results  of  these  investiga¬ 
tions  support  the  hypothesis  that  high  sustained  +Gz  accelera¬ 
tion  has  a  significant  impact  on  improving  the  function  of 
mechanisms  that  underlie  blood  pressure  regulation. 

The  observations  from  these  studies  provide  important  per¬ 
spective  to  understanding  the  contribution  of  gravity  to  the 
evolution  and  adaptation  of  cardiovascular  function.  Lower 
venous  compliance  and  blood  pooling  in  the  legs,  higher 
carotid-cardiac  baroreflex  sensitivity,  greater  stroke  volume 
and  cardiac  output,  larger  vasoconstriction  reserve,  and  larger 
total  circulating  vascular  volume  are  associated  with  increased 
orthostatic  performance.  Therefore,  it  is  possible  that  similar 
changes  in  these  physiological  functions  after  G  training  rep¬ 
resent  a  partial  explanation  for  increased  performance  during 
high  sustained  +Gz  acceleration.  Similarly,  results  from  these 
studies  might  provide  a  physiological  explanation  for  G-layoff 
since  development  of  orthostatic  intolerance  following  expo¬ 
sure  to  reduced  gravity  is  associated  with  reductions  in  these 
functions.  This  perspective  is  best  supported  by  the  observa¬ 
tion  that  the  majority  of  nonpresyncopal  astronauts  in  the  U.S. 
space  program  were  career  pilots  of  high-performance  aircraft 
[7].  It  has  been  hypothesized  that  these  individuals  would  not 
have  been  successful  in  their  career  if  they  had  not  developed 
high  tolerance  to  G  forces.  The  data  presented  in  this  review 


support  this  notion  and  suggest  that  greater  tolerance  to  high 
sustained  +Gz  acceleration  is  in  part  a  result  of  chronic  adap¬ 
tation  of  physiological  mechanisms  that  underlie  blood  pres¬ 
sure  regulation. 
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